The overall objective of this project was to study how the kinetics and thermodynamics of metal ion extraction can be described by molecular dynamic (MD) simulations and how the simulations can be validated by experimental data. Furthermore, the project includes the applied separation by testing the extraction systems in a single stage annular centrifugal contactor and coupling the experimental data with computational fluid dynamic (CFD) simulations.
Specific objectives of the proposed research were:
1. Study and establish a rigorous connection between MD simulations based on polarizable force fields and extraction thermodynamic and kinetic data.
2. Compare and validate CFD simulations of extraction processes for An/Ln separation using different sizes (and types) of annular centrifugal contactors.
3. Provide a theoretical/simulation and experimental base for scale-up of batch-wise extraction to continuous contactors.
We approached objective 1 and 2 in parallel. For objective 1 we started by studying a wellestablished extraction system with a relatively simple extraction mechanism, namely tributyl phosphate. What we found was that well optimized simulations can inform experiments and new information on TBP behavior was presented in this project, as well be discussed below. The second objective proved a larger challenge and most of the efforts were devoted to experimental studies.
In the following, each objective will be addressed, what experiments we carried out and our findings. Each objective was addressed although-as will be shown in the report-major challenges were faced in several of the areas studied. Towards the end of the report we also outline outcomes and markers for success from this project.
Objective 1: Study and establish a rigorous connection between MD simulations based on polarizable force fields and extraction thermodynamic and kinetic data.
A major effort of this project was to find parameters for use in MD simulations that would allow us to simulate extraction behavior in various systems. Part of the parameterization procedure require validation of the simulated chemical and physical properties such as dipole moment, density, diffusion coefficient, surface tension etc. Significant effort, more than we had initially anticipated, was spent on careful validation and equipment design to find the needed parameters.
The result is that we have fewer data at the end of our project, although we have more confidence in our simulations.
Investigations into Tributyl phosphate
As a starting point of this process we used tributyl phosphate as this is a well-studied molecule. Our intentions were to reparametrize this molecule to ensure that the in-silico behavior would match the in-vitro behavior. Our end goal was to provide a consistent set of parameters for TBP, n-dodecane, uranyl, nitrate and water to simulate a 2-phase system. This would allow us to find the energy of the transfer of the uranyl-nitrate-TBP complex from aqueous to organic phase. Using this data, we could find a theoretical mass transfer rate and establish the link to the CFD simulations and kinetic studies described below.
Force Fields Reparametrization of TBP and n-Dodecane Molecules
Simulations were carried out using the Amber Molecular Dynamics Package. The total interaction potential energy of the Amber force field uses the following Hamiltonian:
The terms in order of appearance in E bonded (equation 2) account for bonds, angles, and dihedral angles formation; and in E nonbonded (equation 3) for van der Waals and electrostatic interactions. The specific parameters for each term can be taken from different Amber force fields. * is related to σ by the equation:
Previously, various Amber force fields were primarily developed for proteins and nucleic acid. The general Amber force field (GAFF) was designed in 2004 to include most organic and pharmaceutical molecules. [1] For the GAFF, while the force constants, the parameters of E bonded , and the partial charges of E nonbonded received an overhaul, the LJ parameters were directly taken from older force fields of Amber parm94 and parm99. For this reason, our re-parametrization process focuses on refining the LJ parameters and follows these steps:
1. Initialized MD simulations of bulk liquids using GAFF 2. Calculate density and enthalpy of vaporization of each molecule 3. Compare with experimental values 4. Modify the LJ parameter accordingly
Step 2 to 4 were repeated until the MD and experimental values match. Other properties such as electric dipole moment and self-diffusion coefficient were used as means to validate the refined force fields for TBP and n-dodecane.
Initial results showed good agreement between the experimental and simulated values (Tables 1  and 2 ). Using the optimized parameters, we explored different methods, both experimentally and computationally, to study the self-association of TBP at high concentrations of TBP/n-dodecane mixtures.
TBP aggregates larger than dimers were observed in MD simulations as the concentration of TBP increased. The formation of trimers or larger aggregates have been suggested by previous work although the determination of the self-association constants has been a challenge due to the difficulty in measuring the concentrations of various complexes in the solution experimentally. For this reason, an assumption about the insignificant amount of large oligomers has been made; in this case, the equilibrium constants for complexes larger than dimers have been ignored. However, the concentrations of TBP complexes (monomers, dimers and trimers) can be measured directly in MD with the appropriate criteria for what a dimer and trimer is. During this project, we decided to include both the dimerization and trimerization constants of TBP molecules in n-dodecane solution.
We needed a way to identify them in the MD simulations and followed up with an experimental study employing FTIR technique to validate the MD results. The agreement between these studies will be discussed below.
Potential Mean Force (PMF) of TBP Dimer Conformations
In order to study the self-association of TBP in n-dodecane, we performed a Potential Mean Force (PMF) study using umbrella sampling technique to establish the criteria for identifying TBP dimer and larger aggregates. A 2D PMF study was first carried out along two separate reaction coordinates: distance and angle as depicted in Figure 1 . Two TBP monomers were immersed in pure n-dodecane solvent. During equilibration, position constraints were put on the P and O2 atoms so that the monomers were 10.5 Å apart and adapted the antiparallel orientation. During production runs, position restraints were placed on the P and O2 atoms to impose the reaction coordinates. A harmonic force constant of 7 kcal/mol/Å 2 was used for distance restraint and 400 kcal/mol/rad 2 for angle restraint The PMFs were then calculated using the weighted histogram analysis method (WHAM). [2] Figure 1. Reaction coordinates for PMF study for two TBP molecules: (1) Distance in Å (2) Angle in degree. Color scheme: red, oxygen atoms; gold, phosphorous atoms; cyan, carbon atoms; and white, hydrogen atoms.
1. The distance (D) between the Phosphorous (P) atom of one TBP molecule to the Oxygen (O2) atom of the other TBP molecule ranging from 3.0 Å to 11.0 Å with an 0.5 Å increment. 2. The pseudo dihedral angle (A) of the two P=O2 double bonds of two separate TBP molecules rotating from 0° to 360° with 5° increment in the curved arrow direction. An angle of 0° or 360° represents the perfect antiparallel orientation whereas 180° represents the perfect parallel orientation.
The contour map of the free energy along reaction coordinates of the pseudo dihedral angles and distances between two TBP molecules is presented in Figure 2A . There is the expected symmetry in the angle reaction coordinate as shown by the blue regions. When two TBP molecules are close to one another (D < 4.0 Å), it is difficult to sample structures in the regions of angles around 100° ~ 300° as demonstrated by the red regions that correspond to high free energy values. They can only assume the anti-parallel orientation due to steric effect, caused by the bulky butyl tails, and possibly the high electrostatic interaction energy of like-sign charges. As they move further away, their free energies minimize but with a clear preference for the anti-parallel ( Figure 2B ) over the parallel orientation ( Figure 2C ). The free-energy minima are observed for distances above 4.0 Å with angles in the range of 0° to 60° and 300° to 360°. Specifically, at distances around 5.0 Å -6.0 Å, the global free-energy minimum is observed over the angle range of 0° -30°.
Figure 2.
A) The 2D PMF profile along the reaction coordinates distance and angle obtained from umbrella sampling method and WHAM analysis of two TBP molecules; B) Two TBP molecules adopt the anti-parallel orientation and form a stable dimer with low free energy; C) Two TBP molecules assume parallel arrangement and possess high free energy due to steric effect. The arrows represent the direction of each TBP's permanent dipole moment.
The details of the optimization of the non-polarizable parameters and the dimerisation of TBP was published and the work credited to this project. (Vo et al. J. Phys. Chem. B, 119, 1588−1597, 2015).
PMF study of TBP trimers and the self-association constants
After the dimer was characterized we continued our efforts to characterize the trimer conformation of TBP. Hence, we expanded upon our previous PMF study of TBP dimer by adding one more TBP molecule to analyze the conformational behaviors of TBP trimers.
The PMF study of TBP trimer was carried out along two different reaction coordinates, distance and angle, as depicted in Figure 3 . The P=O bond of the first TBP molecule (designated as TBP1) and the second TBP molecule (TBP2) were held in the perfect anti-parallel orientation and 5.25 Å apart, representing the TBP dimer based on the results from our study for dimers. The third TBP molecule (TBP3) was added so that the P=O's of TBP2 and TBP3 are also anti-parallel. The distance between TBP2 and TBP3 was varied from 5.0 Å to 7.0 Å with a 0.25 Å increment while TBP3 moves around TBP2 from 60° to 180°. The contour map of the free energy extracted from this examination is presented in Figure 3A . Figure 3B shows one of the most energetically favorable conformations of TBP trimers while Figure 3C presents one of the most energetically unfavorable conformations. The first characteristic of this PMF contour plot is the yellow to red regions, correspond to high free energy, for angles lower than 90° for the full array of the distance reaction coordinate. This is expected since that particular angle range will decrease the separation between TBP3 and TBP1 and also force them to adopt the parallel orientation, which was proven to be highly energetically unfavorable. The angle range of 100° to 160°, in which there is sufficient distance between TBP3 and TBP1, possesses lower free energy indicating the more probable TBP trimer conformations. Another interesting feature obtained from this plot is TBP trimers tend to assume a more angled conformation rather than a linear one. This feature is evidenced by the conformational global free energy minima are around 125°-135° angles while the regions above 160° where all three TBP molecules align yield rather high free energy. The preference for the angled conformation of TBP trimers can be rationalized by the fact that the polar head groups of TBP are hydrophilic and better shielded from the nonpolar environment of the n-dodecane solvent when they are in this form.
In the next PMF the TBP1 molecule was rotated around its phosphorous atom to vary the pseudo dihedral angle, θ 2 , between TBP1 and TBP2 from 0° to 60°. The contour map of the free energy of this second step ( Figure 4A ) agreed well with our previous calculations. The global free energy minimum is in the TBP1 angle range of 0° to 30° (anti-parallel) and the TBP3 angle range of 125°-135° (angular form) ( Figure 4B ).
The conformational results from this session agree well with our proposed trimer structure from the RDF calculation. The TBP conformation where its free energy is less than or equal to 3 kcal/mol is used as our criteria to identify TBP trimers. It should be noted that we also used the same free energy threshold for TBP dimers identification. 
Experimental validation of TBP dimers and trimers.
To validate these simulations, we carried out FTIR studies to experimentally quantify the amount of different TBP aggregates in various TBP/n-dodecane concentrations. FTIR spectra of different TBP concentrations were collected using a super sealed liquid cell. Some representative spectra are shown in Figure 5 . We used the Igor Pro program (WaveMetrics, Lake Oswego, OR, USA) to deconvolute the FTIR spectra into a number of Lorentzian functions. The choice of using Lorentzian peak fitting instead of Gaussian or other types is supported by previous FTIR studies. Initially we used only 4 peaks to describe the spectra. These has been initially identified as CH 2 twist, CH 2 bend and the P=O stretchings in two different monomer conformations. [3, 4] An example of a spectra at low TBP concentration is shown below in Figure 6 . We found that as we increased the concentration of TBP the data was poorly described with only 4 peaks and a 5 th peak was introduced and assigned to the dimer. This is also in line with previous investigations. [3, 4] As the concentration of TBP increased above 0.3 M a 6 th peak was required to provide a reasonable fit to the data, see Figure 7 . This final peak was assigned to the trimeric species of TBP. Using the deconvoluted spectra the concentration of each individual species can be found and dimerization and trimerization constants can be calculated. The concentration of each individual species is shown in Figure 8 below.
The criteria extracted from the PMF studies for TBP dimers and trimers were used to identify these complexes in different simulated mixtures with a TBP concentration range from 0.1 M to 1.0 M in n-dodecane. A quick comparison of the mole percentage of each TBP species in the TBP/ndodecane mixtures between MD study and FTIR data shows excellent agreement (Figure 8 ). These results give us confidence in our simulations of TBP in n-dodecane under these conditions. The work on the trimerization of TBP was published in two papers in J. Phys. Chem. B. and the work was credited to this project. While the behavior of TBP in n-dodecane is well described using non-polarizable force fields, as shown above, for a two-phase system it will be important to include polarizable force fields. During this project effort has been spent on developing polarizable force fields for TBP and ndodecane molecules. This reparameterization process is more intensive than what is shown above. Specifically, besides adjusting the LJ parameters, and , of the O2 and P atoms of TBP and of the C atoms of n-dodecane to match the experimental bulk densities and vaporization enthalpies, the atomic partial charges ( ) were also scaled simultaneously to reproduce relevant literature values.
The first set of polarizable force field developed for TBP and n-dodecane produced satisfactory agreement with available experimental values for density, heat of vaporization and dipole moment (Table 3) . One of the important parameters for validating polarizable force fields is surface and interfacial tension. Using a Sigma force tensiometer we collected surface (liquid-air) as well as interfacial (liquid-liquid, i.e. organic phase -aqueous phase) tension values. We compared this to simulated values and observed that for surface tension as well as pure n-dodecane or pure TBP our simulations match the experiments (Table 4 and Table 5 ). In addition to surface tension we also estimated the density profile in each bulk phase and the surface thickness between the two phases. The liquid surface thicknesses listed in table 4 were obtained by fitting the density profile of the liquid into a hyperbolic tangent functional form:
In this equation, O and P are the liquid and vapor density; Y is the position of the Gibbs diving surface; and d is the estimated thickness of the interface. Figure 9 shows the calculated TBP and n-dodecane density profiles as a function of the z coordinate normal to the interface average over 10 ns. These density profiles are obtained by computing the liquid densities in slabs of 0.5 Å thickness parallel to the interface. The best fitted curves estimate the bulk liquid densities that match closely with experimental value. From Table 4 it appears that the addition of TBP to n-dodecane up to 1.0 M TBP concentration did not affect the surface tension values in both MD simulations and experiment. The addition of TBP to n-dodecane also seems to have very small effect on the surface thickness. The discrepancies of the surface tension of the mixtures between simulations and experiments can be attributed to the underestimation of the surface tension of pure n-dodecane and water. Table 5 shows the results of liquid-liquid interface simulation of TBP/n-dodecane mixtures as a function of TBP concentration. Interestingly, the interfacial thicknesses decrease by roughly 50% in all systems comparing to the surface thicknesses listed in Table 1 . The bulk densities of pure ndodecane and mixtures increase when those systems come in contact with water. This indicated a decrease in the bulk volumes due to the hydrophobicity of n-dodecane. However, in the case of pure TBP and water liquid-liquid interface, the bulk density of TBP decreases while the water interfacial thickness is of the same as its liquid-vapor thickness. These observations suggest that there are interactions between TBP and water at the interface due to the amphiphilicity of TBP. Each configuration was simulated for an extended amount of time in the sense of polarizable force fields. Specifically, conf. 1 and 2 was simulated for 20 ns. Conf. 3 was simulated for 10 ns after phase separation was achieved which took 60 ns. Finally, conf. 4 was simulated for 30 ns. The comparisons of their interfacial tension values are shown in Table 6 below. It is obvious from Table 6 that initial configuration has a huge effect on the interfacial tension values of the system. These discrepancies in interfacial tension values due to initial configuration can be attributed to the equilibration issue that polarizable force fields have to deal with. Ideally, if all initial configurations were run long enough, they would arrive at the same final configuration and produce the same interfacial values. However, computer expenses for these polarizable force field MD simulations are expensive in both computational power and time. For the two configurations that result in an organic phase with most of the TBP molecules in the interface between organic and aqueous phase (configuration 3 and 4) we obtain an interfacial tension value that is closer to the experimental value. For further investigation, the initial configuration in twophase simulations using polarizable force fields should be based on how the final configuration most likely appears in an experiment.
With these studies, we are reasonably confident that we can simulate the behavior of a two-phase system that includes TBP, n-dodecane and water. The final challenge was to include nitrate ions and uranyl and to simulate the energetics of transferring a TBP-uranyl-nitrate complex from the aqueous phase to an organic phase.
The collaborator at PNNL led efforts to obtain new force fields for the uranyl ion, published in Chem. Phys Letters. In addition, efforts were made to simulate the nitrate ions although the challenge remains on how to validate the chemical behavior of the nitrate ion and thus we cannot report any simulations with confidence. During this project, we initiated simulations of the final complex, shown below in Figure 15 . While we are unable to present results in this report we plan on finishing these simulations in the future. Previous studies suggest that the uranyl ions are being extracted in the form N ] N • 2 where two TBP bind to UO 2 via monodentate mode and NO 3 via bidentate. The distance between TBP to the U ion is 3 A while it is 2.5 A from the U ion to the two oxygens of the NO 3 molecule. Gas phase simulations are being carried out to verify this structure. Once we can confirm the most favorable conformation for the complex, a PMF study will be performed to study the kinetic of phase transfer of the uranyl complex. 
Summary of TBP studies.
At the end of the project, significant progress has been made on the simulations of the chemical behavior of TBP. We have provided new parameters that well described the behavior in both one and two phases. The two-phase systems require a good initial guess on the final confirmation to allow for a reasonable simulation time. We have shown that a careful simulation can inform experimental studies as we were able to determine thermodynamic stability constants for the TBP dimer and trimer that agreed well with our simulations. The final goal of simulating the entire complex was unfortunately not reached within the three years of this project. We hope to finalize these studies for the sake of our students' training.
Validation and Simulations of Acidic Extraction Systems.
In addition to TBP part of this project was to simulate acidic reagents as they have a great impact on nuclear fuel cycles. We focused our efforts on dibutyl phosphoric acid, HDBP, the main degradation product of TBP. For this reagent, while also relatively well studied, there is significantly less amount of data on the physicochemical properties. One of the key parameters for our validation, the dipole moment, is not reported in the literature. Thus, we spent considerable effort on experimentally determining this variable as described below.
Another main challenge with HDBP is the presence of a -OH group resulting in hydrogen bonding between the molecules. Early on in the project this presented an interesting observation where large aggregates of HDBP molecules appeared to form via hydrogen bonding network. As there is no experimental evidence for this behavior we had to carefully evaluate our simulations so that we do not overestimate the strength of the hydrogen bond resulting in large aggregates.
Determination of the dipole moment of HDBP
During this project we constructed, tested and validated an instrument that will measure dipole moments of solutions of extracting reagents in dissolved in non-polar solvents. This would allow us to expand the number of substances used for benchmarking our simulations.
To measure dipole moments, we utilized the procedure described in a paper by Janini and Katrib. [5] In their paper, they cite Guggenheim's formulation of the Debye-Onsager equation that simplifies the measurement of dipole moments for polar substances. Guggenheim shows the relationship between dielectric constant, index of refraction, and the concentration of a polar solute in a non-polar solvent at low concentrations. The result is as follows. Where ε is the solution dielectric constant, η is the index of refraction of the solution, µ is the dipole moment of the pure polar substance of interest, and l is the concentration. By measuring the dielectric constant and index of refraction as a function of concentration, we can calculate out the dipole moment from the slope.
Index of refraction was measured from a refractometer. A simply way to measure the dielectric constant of a material is to measure its capacitance. For this end, we developed the setup shown in Figure 16 . The device is based on a conductivity probe and though there are commercially available dipolometers our probe is far less expensive. The liquid capacitance cell is made from three concentric steel tubes separated by a PEEK spacer. In addition to holding the liquid, the tubes act as electrodes. The two tubes that make the base are welded together and electrically connected. The third tube slides between the two that make the base, creating a cylindrical capacitor. The relationship between capacitance and dielectric constant is: = n n o
Where C 0 is the capacitance of the dry cell. . HDBP and CMPO were tested so that we may find the dipole moment needed to match the MD simulations during the parameterization phase. In addition to the experimental values we used Gaussian to perform quantum mechanical computations to predict dipole moments. The values are shown in Table 7 below. Overall the experimental values for octanol and TBP match well with literature values providing confidence in our method. The experimental dipole moment of HDBP was established and we also show that QM calculations may be used for a rough prediction of the dipole moment of different substances. The work on developing the liquid capacitance cell and the determination of the dipole moment of HDBP was written up in a manuscript that was recently (at the time of writing) accepted in the Journal of Solution Chemistry (Yoo et al., J. Sol. Chem., 2018).
HDBP simulations.
The HDBP molecule was parameterized as previously described for TBP and we attempted to match the density, heat of vaporization and dipole moment with experimental values.
Since there are no reported values for heat of vaporization of HDBP we applied the method of determining heat of vaporization via the Hansen-Beerbower method. Using this method provided a heat of vaporization that matched experimental values of TBP and HDEHP providing some confidence that a value for HDBP may be acceptable. The value found for HDBP was 17.5 kcal/mol and using this as our 'target' value we have successfully parametrized the force field of HDBP, shown in table 8. To find the conformation of the HDBP dimer we carried out PMF calculations for a number of different conformations. In our case, we generated two sets of two-dimensional PMFs of the HDBP dimer. The first PMF varies the distance between the two phosphorus atoms (PP) and the pseduodihedral angle made with P=O bonds (OPPO) along the PP distance vector. Figure 18 . PMF of the O=P -P=O pseudo-dihedral angle vs P to P distance.
Each of these PMFs were carried out to answer a different question. The first PMF, shown in Figure 18 , tells us about the conformation of the HDBP dimer. We see that the PP distances that fall within the lowest 1 kcal of free energy is around 3.6 Angstroms. This corresponds to a hydrogen bond donor-acceptor distance of around 2.8 Angstroms. The value is close to existing density function theory calculation for HDEHP done by Luo et al. [6] Their study states that HDEHP has a donor-acceptor distance of 2.6 Angstroms. Given that the only difference between HDEHP and HDBP lies in their alkyl chains, we believe that this value is appropriate for HDBP as well.
From Figure 18 it can be seen that the pseudo-dihedral angle for the lowest energy conformation is not 180 degrees, as what would be expected for a perfect head-to-tail cyclic dimer. Rather, the optimal angle is offset at by around 40 degrees. In addition, there is a large degree of conformal freedom. This is evidenced by the wide range of angles that spans the 0-3 kcal range, which is a range that a molecule can easily explore.
In regards to donor-acceptor distance a second PMF was carried out. This PMF was designed to provide the energy penalty involved in removing a hydrogen bond from an HDBP aggregate. Most studies on phosphoric acid reagents suggest that in non-polar solvents they exist as a dimer. To create a larger aggregate the dimer need to open up allowing for a third HDBP molecule to coordinate, and so on. From our simulations, we cannot rule out higher order aggregates, thus it will be good to know what sort of energy penalty must be paid to make such aggregates, i.e. breaking the hydrogen bonds in a HDBP dimer. The results of our PMF study, shown in Figure  19 , indicate that as the molecule is rotated so that one of the hydrogen bonds is broken there is a significant increase in the free energy. This is not unexpected and suggest that the dimer is relatively stable in non-polar solvents, as suggested by previous literature. 
Summary of HDBP studies.
At the end of the project, we can provide optimized force fields for HDBP for non-polarizable MD simulations. While these have some use in a single-phase simulation the two-phase simulation would require expanding to polarizable force fields. Furthermore, there is a significant challenge in that the proton on HDBP is labile and during complexation or at elevated pH the proton will be lost. This cannot be simulated using the MD approach we have presented here and reactive force fields must be included, making the simulations very expensive. Nevertheless, our efforts provide a starting point to future work. In addition, we have developed the capability to generate experimental values for the dipole moment for existing as well as future extracting reagents.
Objective 2. Compare and validate CFD simulations of extraction processes for An/Ln separation using different sizes (and types) of annular centrifugal contactors.
For this objective we would compare results from metal ion extraction using annular centrifugal contactors. During this project 5 different contactors were tested for the extraction of dysprosium using Cyanex 923. The distribution ratios of dysprosium as well as hydrodynamics of the contactors were studied. The plan was to simulate these contactors using computational fluid dynamics, specifically the OpenFOAM package. The simulation aspect of this project appeared to be a challenge and a majority of the effort was spent on gathering experimental data. In addition, some of the validation studies required careful kinetic studies and significant time was spent setting up a kinetics cell as described below. At the end of this project this objective fell short although there are several studies in the work, described below, that we intend to finalize and disseminate in journal articles crediting this project.
Experimental Studies on Extraction Kinetics and Mass Transfer

Extraction studies with 1.2 cm annular centrifugal contactor.
The first set of experiments were carried out to compare metal ion distribution between batch and contactors. Dysprosium was chosen for extraction and the concentration in organic and aqueous phase after contact was analyzed using neutron activation. The large neutron capture cross section of dysprosium makes it a good choice for this study since it allows the preparation of dilute systems that are easily analyzed. The organic phase contained IsoparL as the diluent and Cyanex 572, an acidic phosphorus based chelating extractant (Cytec), as the extractant.
The annular centrifugal contactors used was a 5cm CINC contactor (model VO2) and a 1.2cm Robatel (BX012) contactor, Figure 20 . The CINC contactor was initially connected to peristaltic pumps that did not provide a stable flow rate. We replaced the pumps with more efficient positive displacement pumps and were able to collect representative data. The Robatel contactor was connected to syringe pumps providing a stable flow rate to the contactor. For the batch extraction experiments equal volumes of organic and aqueous phase were contacted using a vortex mixer. The results are shown in Figure 21 . In the study the flow rate was varied, effectively changing the residence time in the contactors. The O/A ratio in the contactor was kept at 1. In the figure, "recycled organic" indicate that the organic solution was used in a previous experiment and was washed between studies; "High to Low" and "Low to High" indicate that the flow rate started high and was lowered, and vise versa. Our study on the extraction efficiency of dysprosium in CINC V02 centrifugal contactors showed that maximum efficiency did not occur at the lowest flow rate (highest residence time) applied as seen in Figure 21 . The data for the Robatel contactor is in line with expectations and the extraction is increasing with increased residence time. From Figure 21 it is apparent that the extraction efficiency in the Robatel BXP012 centrifugal contactor was less compared to batch extraction experiments conducted under similar conditions. To address the issue, it was necessary to determine the holdup volume of the centrifugal contactor. We observed that the collector rings in the contactor contributed significantly to the total volume of fluid in the contactor indicating that simple measurements of the mass or volume of the fluid collected by draining the contactor would not be an accurate representation of the holdup volume. The approach selected in determining the holdup volume was through measuring the holdup time in the contactor by residence time distribution experiments.
The experiments for residence time were carried out by contacting an aqueous phase, containing a measurable tracer, with an organic phase that would be inert towards the tracer. The inert solute is added as a pulse and tracking the time it would take for the total amount of injected trace solute to clear the contactor would provide a number of the residence time. For the aqueous phase, dysprosium nitrate was used as the tracer and the concentration of the outlet stream was measured by neutron activation analysis. The results summarized in Figure 22 and Table 9 . Figure 22 shows a function E(t), which is the probability per unit time that the tracer would exit the contactor. This is multiplied with time to get t*E(t) which when integrated over time from t=0 to t=infinity would provide the residence time of the trace dysprosium. The huge difference between the residence times at different flow rates, which is calculated based on the reactor volume reported by Robatel, and the average holdup time, which is the experimental RTD value, is attributed to the relatively large collection ring in the contactor where no extraction occurs. Table  9 also show a comparison between the apparent residence time calculated by taking the ratio of the reported internal volume of the contactor and the volumetric flow rate. Overall the measured residence times from the RTD experiments differ by 16-17%. The organic phase holdup time was also studied by residence time distribution experiments. As before, an inert tracer was added as a pulse and we tracked the time it would take for the total amount of injected trace solute to clear the contactor. For these experiments the inert tracer was a Cyanex 923 -dysprosium complex and the conditions in the aqueous phase were such that there was negligible back-extraction. The aqueous phase consisted of 3 M ammonium nitrate at elevated pH and the dysprosium back-extracted was checked by sampling the aqueous phase. Figure 23 below show how the residence time for both the aqueous and organic phase varies with flow rates for different stirring speeds. From these observations, we can see that the residence time decreases with increasing flowrate, as expected, given that we do not have any accumulation of liquid in the system. We also observe that for the BXP012 contactor the rotor mixing speed have negligible effect on the residence time in both the aqueous and organic phase. The effect of rotor spinning speed on extraction was also studied. The results are summarized in Figure 24 . We can see from Figure 24 that as the flowrate increases the distribution ratios decrease due to the decrease in holdup time, and hence decrease in contact time. Using a rotor speed below 3500 rpm result in phase contamination where the organic phase exits together with the aqueous phase in the heavy outlet. Also, using a rotor speed above 4500 rpm results in aqueous phase appearing with the organic phase in the light outlet. The reason for the lower extraction at higher stirring speed is not clear but one possible explanation is that the rotor start to 'slip' and lose grip on the liquid at high speeds resulting in larger droplets and less mass transfer. It is also worth noting that the Robatel contactor is less reproducible compared to other contactors used in this project.
To further investigate the behavior of the solution in the mixing zone of the contactor, we replaced the metal housing with a 3D printed PMMA housing. With the clear housing, the height of the fluid column in the mixing zone was imaged during the RTD experiments. As shown in Figure 25 , at 3500 RPM there is minimum volume of fluid in the mixing zone and it increases with increasing RPM. Past around 5000 RPM, the mixture in the mixing zone starts to spill over into the organic collector ring, flooding the contactor. The point at which flooding happens is however also dependent on the flowrate of the phases. It was observed that increasing the flowrate could help in preventing this flooding behavior as RPM increases. Although the height of the fluid changes in the mixing zone as seen in Figure 25 , this change may not be significant enough to be reflected in the averaged value obtained by the RTD experiments. Also, lower holdup volume in the mixing at 3500 RPM compared to 4500 RPM does not explain the enhanced extraction at the former condition.
While we are able to observe total residence time in the contactor the time in the mixing zone vs the phase separation zone is unknown. To gauge this, we needed to have an idea of the mass transfer kinetics of the dysprosium in this system. Assuming that the dysprosium is transferred between the phases when the phases are well mixed would allow us to estimate the time in the mixing zone. In addition, the mass transfer kinetics was important for the CFD simulations as described below. To find the kinetics of mass transfer a stirred cell was used as described below.
Overall the miniature centrifugal contactor behaved as expected in terms of the total hold-up time.
We observed, using the clear housing, that the Robatel contactor has some hydrodynamic instabilities. To successfully interpret the metal extraction trends additional data on the kinetics and hydrodynamics are needed which we were hoping to gain from experiments with the stirred cell and the CFD simulations, respectively.
Experimental studies using custom made contactors.
In addition to the Robatel contactor, three 3D printed contactors from Argonne National Laboratory were tested. The rotor diameter is 2 cm in two of these contactors and the third contactor has a rotor diameter of 1 cm. Furthermore, one of the 2 cm contactors have a housing that is designed for extended contact time in the mixing zone, figure 26 . We performed a comparative study with the three ANL contactors and the Robatel BXP012 contactor. In this study, 0.1 mM Dy(NO 3 ) 3 in 0.1 M NO 3 was extracted into the organic phase consisting of Isopar L and 0.2 M C572. Large batches of both solutions were prepared to ensure consistency between all experiments. The rotor speed on the ANL contactors is fixed at 3600 RPM therefore the same RPM was chosen for the Robatel contactor. In all experiments, both pumps were started together and the time for both phases to start exiting the contactor was noted. Before collecting the first sample from both exits we waited an equivalent amount of time to ensure hydrodynamic stability in the contactor. For each experimental condition, i.e. flow rate and flow rate ratio, triplicate samples were collected at different times during the experiment. In both sets of experiments the total flow rate of phases was kept constant. Figures 27 and 28 show the results obtained using a org:aq flow rate ratio of 1:1 and 2:1, respectively. As it is apparent from the graphs, at both flow rate ratios the Robatel contactor has a much lower efficiency compared to the ANL contactors especially at higher flowrates. It is however worth noting that the Robatel had yielded distribution ratios close to 7 using the same extraction system in earlier studies at total flowrates of 3 and 6 ml/min. Therefore, the huge drop in the D value in Additional comparisons between the contactors were carried out using a system of uranyl extraction by TBP in n-dodecane. The aqueous phase consisted of 10 mM uranyl nitrate in 3.5 M HNO 3 and the organic system of 1 M TBP in dodecane. After both phases started exiting the contactor, the time was started and samples from both phases were collected over time to also check for the stability of operations. The results are shown in Figures 29 and 30 . Experiments were conducted under two conditions. Aqueous to organic flowrate ratio of two and three. The organic flowrate was fixed at 1 ml/min and the aqueous one was set accordingly. This extraction system provided more comparable values between the different contactors. It is worth noting that the ANL contactor with extended mixing zone has the lowest efficiency among the four contactors. After collecting the samples, both pumps were stopped, and the content of the mixing zone was drained into a graduated cylinder. Then, the rotor was stopped, and its content collected into a separate graduated cylinder. Samples were collected from both phases to check for the concentration of uranium in the mixing and separating zones. It was noticed that in some cases the extraction progressed during the separation step as the mixing zone had lower distribution values compared to the ones from the separation zone, which match the distribution ratios from the exits.
In addition to performance testing, residence time distribution analysis was performed on the 2 cm ANL contactor. As opposed to the Robatel contactor, the 2.0 cm ANL contactors have a valve allowing to drain the content of the contactor for physical measurements. At the end of the RTD experiments, the pumps were stopped and the mixing zone was immediately drained. After this, the rotor was stopped to drain its content. This allowed us to get an estimate of the volume ratio between the mixing zone and the settling zone.
The results from the RTD experiments are shown in Figures 31 and 32 . It can be seen that the concentration of the injected pulse in the outlet stream has still not reached zero even after an extended time. In the case of 4 ml/min aqueous flow rate, the experiment was repeated several times in an attempt to reach the point when all tracer had left the contactor but all attempts were unsuccessful. As Figure 33 shows, even when the concentration is slightly above zero, the plot of the first moment of the RTD probability function remains quite high giving incorrect information about the average residence time. This may be due to dormant regions in the contactors that take a while to flush out after the injected pulse. Overall, it was found that the 3D printed contactors performed superior compared to the Robatel contactor. Additional experiments are required to characterize the hydrodynamics of these contactors.
Extraction kinetic studies
One of the key values that is required for validating the CFD simulations when mass transfer is added, as well as for estimating the interfacial area between the aqueous and organic phase in the contactor mixing zone, is the mass transfer coefficient. In order to find values for this we carried out a number of studies using stirred cells. Our first sets of kinetic data were collected using a Lewis cell. However, it was found that this setup was not useful for determining the mass transfer coefficient of dysprosium into an organic phase by extraction with Cyanex 572. The stirring of each phase in the Lewis cell was not sufficient to reach the conditions where the extraction was limited by the reaction rate and we were most likely operating in a mixed regime where diffusion cannot be discounted as a rate limiting step.
To reduce the effect of slow diffusion a Nitsch cell was constructed and installed, see Figure 34 below. The design was based on drawings supplied to us from a group in FZK in Germany, colleagues of our international collaborator. In the fabrication and setup of this experimental rig we encountered numerous challenges in terms of material degradation in the o-rings and bearings, fluctuations in the RMP in the initial stirrer motors used, etc. All the issues were corrected and the instrument is working satisfactory. However, at the end of this project we had only limited amount of time to collect high quality data. Some of the data collected using the Nitsch cell is shown below in Figure 35 . In this study, the organic phase stirrer speed was fixed at 400 RPM, which is the maximum achievable prior to breaking the otherwise laminar interphase, and the aqueous phase stirrer speed was incrementally increased to note the increase in the observed rate constant as the stagnant diffusion layer becomes thinner. However, a plateau region where the process would be chemically driven away from diffusion effects could not be achieved before breaking the interface. In order to slow down the true kinetics of the system, we lowered the temperature to 10 °C. Looking at Figure 36 , it is evident that past 300 RPM a plateau region was finally achieved. Collecting kinetic data at various temperatures would allow us to extrapolate the kinetics of mass transfer to conditions relevant for the centrifugal contactors and fully evaluate the hydrodynamics. This work in underway and will be disseminated in peer reviewed journals crediting this project. To understand the hydrodynamics of the flow in the contactor, computational fluid dynamics (CFD) was applied to simulate the flow. The CFD calculations were initially carried out under the direction of Dr. Kent Wardle at ANL and were later under the direction of Dr. Nathaniel Hoyt as Dr. Wardle left ANL and the project. For these calculations, we had access to computer resources at INL through our collaborator there (Dr. Zalupski).
OpenFOAM, an open source software based on the finite volume method, was used to create the simulations. Some preliminary simulations, Figures 37 and 38 , with simplified contactor geometries were obtained. The residence time distribution experiments described above were designed to validate the outcomes of these simulations. In order to utilize CFD simulations to predict extraction efficiency significant effort was invested to improve the CFD solver. The main addition was the mass transfer capability which is required for full extraction simulations. The solver performs mass transport calculations for an arbitrary number of disperse chemical species and has terms to account for transfer of the species from one phase to another (i.e., from the aqueous phase to the organic phase for extraction). For these simulations to be meaningful the mass transfer kinetic coefficient must be known, which is why we carried out the stirred cell studied described above.
A lot of work "under the hood" was done to make the solver run stably for long simulations (numerical issues with the previous solver had a tendency to cause crashes every few hours -which is not ideal for simulations that can require a couple of weeks to run).
Previously existing solver features:
• Multiple phases (aqueous, organic, air)
• Turbulence (LES)
• Coupled hybrid multiphase treatment (dispersed/segregated) • Rotating volumes
New solver features:
• Mass Transfer of Dispersed Species • Convection-diffusion mass transfer to interface from disperse phase • Kinetics of forward and back-extraction at interface • Convection-diffusion mass transfer to interface from continuous phase • Solver stabilization With these improvements in the software our intent was to validate the simulations using experimental data from both the 5 cm CINC contactor as well as the Robatel BXP12 contactor. Due to delays in getting accurate mass transfer kinetic data our simulations were held up. We intend on validating the improved code with a relatively simple system and these validations are underway and will be disseminated in a future journal publication, crediting this project.
Objective 3. Provide a theoretical/simulation and experimental base for scaleup of batch-wise extraction to continuous contactors.
In this third objective, we planned to show a connection between experimental results on extraction, molecular dynamic simulations and computational fluid dynamics and to provide some guidelines on scaling up to multiple contactors. The connection between experiments, MD and CFD is the mass transfer coefficient. This value can be determined experimentally via stirred cell experiments. This value can also be determined by MD simulations of the energy of mass transfer of the extracted complex. This value will then be provided to the CFD solver to predict the performance of a centrifugal contactor, which will be further validated by experimental results. Of course, the mass transfer coefficients are dependent on the conditions associated with the flow surrounding the aqueous/organic interface and care must be taken when comparing different values.
During this 3-year project we were not able to reach this goal of providing the connection between these methods. Significant improvements were made in the simulations and significant challenges were faced and overcome on the experimental side giving us confidence that it should be possible to show this connection and we will attempt to finalize any studies that were initiated during this project and present the results in future journal articles and conference presentations.
